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ABSTRACT: The structural performance of cold-formed lean duplex stainless steel beams at 
elevated temperatures ranging from 24 – 900 ºC was investigated in this study. A finite element 
model was developed. The numerical analysis covered the specimens of square and rectangular 
hollow sections. The material properties obtained from tensile coupon tests on lean duplex 
stainless steel at elevated temperatures were used in the finite element model. A total of 125 
numerical flexural strengths were obtained from the finite element analysis. The numerical 
results were compared with the design values calculated by the existing design rules, including 
the American Specification, Australian/New Zealand Standard, European Code, direct strength 
method and continuous strength method. The suitability of these design rules for lean duplex 
stainless steel beams at elevated temperatures was assessed using reliability analysis. It was 
shown that the existing design rules are generally quite conservative in predicting the flexural 
strengths at elevated temperatures, except that the modified direct strength method provides 
accurate and reliable predictions. Therefore, it is recommended that the modified direct 
strength method be used for cold-formed lean duplex stainless steel beams at elevated 
temperatures. 
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1. Introduction 
 
A relatively new type of cold-formed lean duplex stainless steel is becoming an attractive 
choice as a construction material. Lean duplex stainless steel is characterized by a low nickel 
content of around 1.5%. Thus, lean duplex stainless steel has economic advantages over the 
other types of stainless steel. In addition, it is regarded as a high strength material with the 
nominal yield strength (0.2% proof stress) of 450 MPa [1]. However, there has been limited 
research on the structural performance and design of lean duplex stainless steel members, 
especially at elevated temperatures. Therefore, research on the lean duplex stainless steel 
material and structural members is required.  
 
Lean duplex stainless steel is a relative new construction material. The previous research on 
lean duplex stainless steel focused mainly on the material properties and design of structural 
members at room temperature. Huang and Young [2], as well as Theofanous and Gardner [3], 
conducted tensile coupon tests and stub column tests to investigate the mechanical and section 
properties of cold-formed lean duplex stainless steel rectangular and square hollow sections. 
Experimental and numerical investigations were carried out on cold-formed lean duplex 
stainless steel columns [3, 4, 5, 6], and the test and numerical data were compared with the 
predicted column strengths calculated by the existing design rules. It was shown that the 
existing design rules, including design rules in the European Code, explicit approach in the 
Australian/New Zealand Standard and the direct strength method, are quite conservative for 
the lean duplex stainless steel. The implicit approach for column design in the American 
Specification and Australian/New Zealand  Standard provides accurate predictions, but the 
iterative calculation procedure is tedious. Therefore, modified design rules have been proposed 
for better prediction of lean duplex stainless steel structural strengths. Some research has also 
been conducted for cold-formed lean duplex stainless steel beams [7, 8, 9, 10]. This research 
indicated that the existing European Code and direct strength method are quite conservative 
for lean duplex stainless steel flexural members, while the continuous strength method provides 
a better prediction. The European Code and direct strength method were found to be suitable 
for the shear design of lean duplex stainless steel rectangular hollow beams. The existing design 
rules in the European Code and the Australian/New Zealand Standard are generally quite 
conservative for lean duplex stainless steel beam-column members [11, 12]. The mechanical 
properties of cold-formed lean duplex stainless steel at elevated temperatures have been 
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investigated in previous research [13, 14]. Huang and Young [13] conducted tensile coupon 
tests on lean duplex stainless steel in both steady and transient states. The existing design rules 
for predicting the reduced material properties at elevated temperatures were assessed for lean 
duplex stainless steel. A modified design rule was proposed for lean duplex stainless steel 
material properties at elevated temperatures. Gardner et al. [14] summarized the results of tests 
on material properties of various stainless steel alloys at elevated temperatures, including the 
lean duplex stainless steel material reported by Outokumpu [15]. Reduction factors of strength 
and stiffness for lean duplex stainless steel were proposed according to the available data.  
 
A search of the literature revealed a lack of research on cold-formed lean duplex stainless steel 
beams at elevated temperatures. Therefore, the objective of this study was to investigate the 
structural performance of cold-formed lean duplex stainless steel beams at elevated 
temperatures, ranging from 24 – 900 ºC, using finite element analysis. The reduced mechanical 
properties at elevated temperatures were used in the FEM. A total number of 125 numerical 
flexural strengths were compared with the design values calculated from the existing design 
rules. The applicability of the existing design rules for the lean duplex stainless steel beams 
was assessed using reliability analysis. According to the comparison, recommendations for 
designing cold-formed lean duplex stainless steel flexural members at elevated temperatures are 
proposed based on this study. 
 
2. Finite Element Model 
 
The finite element model (FEM) for cold-formed lean duplex stainless steel flexural members 
was developed by Huang and Young [7] using the program ABAQUS version 6.11 [16]. The 
FEM has been verified with the test results of four-point bending tests at room temperature. 
The moment-curvature curves and the failure modes predicted by the FEM have been found to 
agree well with the test results. In this study, the FEM developed by Huang and Young [7] was 
used for the finite element analysis of flexural members at elevated temperatures, except that 
the materials properties at room temperature were replaced by the reduced material properties 
obtained from tensile coupon tests at elevated temperatures [13]. The mechanical properties of 
section 50×50×1.5 obtained from the tensile coupon tests at 24 ºC, 300 ºC, 500 ºC, 700 ºC and 
900 ºC using the steady-state test method were used in the FEM. ABAQUS allows for a multi-
linear stress-strain curve to be used. Similar to the Huang and Young FEM [7], the first part of 
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the curve represents the elastic part up to the proportional limit stress with the measured 
Young’s modulus and Poisson’s ratio taken as 0.3. In the plastic analysis, the static stress-strain 
curve obtained from tensile coupon tests was converted to true stress and logarithmic true 
plastic strain curve, as described by Huang and Young [7]. The material properties adopted in 
the FEM, including the modulus of elasticity, yield strength, and ultimate strength at high 
temperatures ranging from 24 – 900 C, are summarized in Table 1. Similar to the FEM for 
beams at room temperature, the local imperfection of t/10 was incorporated into the FEM, 
where t is the thickness of the sections. The residual stresses in the sections were not included. 
 
3. Parametric Study 
 
A total of 125 cold-formed lean duplex stainless steel flexural members at elevated 
temperatures, ranging from 24 – 900 ºC, were investigated in the parametric study. The finite 
element model (FEM) in the parametric study was identical to the FEM developed by Huang 
and Young [7], except that the mechanical properties obtained from the tensile coupon tests at 
elevated temperatures were used. The parametric study included square hollow sections (SHS) 
and rectangular hollow sections (RHS), which had one SHS of 300×300 (overall depth × 
overall width) as well as four RHS of 100×50, 50×100, 300×100 and 100×300. Five different 
thicknesses were designed for each section, in order to cover a wide range of slenderness ratios, 
from stocky to slender sections. The length of moment span between the two loading points 
was equal to the length of shear spans between the loading points to the supports for the flexural 
members. The lengths were designed carefully so that the section flexural capacity could be 
reached without shear failure. The specimens with the same cross-sectional dimensions and 
specimen lengths were investigated under five different temperatures in the finite element 
analysis, including 24 ºC, 300 ºC, 500 ºC, 700 ºC and 900 ºC. The RHS specimens were 
subjected to both major and minor axes bending. The specimens in the parametric study were 
labelled such that the cross-section dimension, specimen length and the specimen temperature 
could be identified, as shown in Table 1. The numbers before the letter “L” defined the cross-
sectional dimensions (D×B×t), the number between the letter “L” and letter “T” was the 
specimen length in millimeters, and the number after the letter “T” was the specimen 
temperature in degrees Celsius. For example, the label 100×50×5L900T300 defined the 
flexural member with cross-section (D×B×t) of 100×50×5 in millimeters, and the specimen 
length of 900 mm as well as the specimen temperature of 300 ºC. The dimension of the overall 
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web depth (D) was larger than the overall flange width (B), thus the beam was subjected to 
major axis bending. On the other hand, the specimen 50×100×5L900T300 had the same cross-
sectional dimension and length, but was subjected to minor axis bending. The finite element 
model of specimen 50×100×2L900T700 in the parametric study is shown in Figure 1. The 
moment-curvature curves of sections 300×100×10L2100, 300×100×7L2100, 
100×300×15L1500, 100×300×4L1500 at elevated temperatures obtained from FEA are shown 
in Figures 2 – 5, respectively. The moment capacity (MFEA,T) and the corresponding curvature 
(kFEA,T) obtained from the finite element analysis are summarized in Table 2. 
 
4. Design Rules & Comparison with Beam Strengths 
 
The existing and modified design rules for cold-formed lean duplex stainless steel flexural 
members at elevated temperatures were assessed by comparing the design values with the 125 
FEA flexural strengths (MFEA,T), as summarized in Table 3. The unfactored design strengths 
(nominal strength) were calculated using (1) American Specification (ASCE) [17] (Myielding,T, 
Minelastic,T), (2) Australian/New Zealand Standard (AS/NZS) [18] (Myielding,T, Minelastic,T), (3) 
modified ASCE and AS/NZS described in Huang and Young [7] (M#inelastic,T), (4) European 
Code (EC3) [19] (MEC3,T), (5) suggested EC3 by Gardner and Theofanous [20] (MG&T,T), (6) 
modified EC3 in Huang and Young [7] (M#EC3,T), (7) direct strength method (DSM) in AISI 
[21] (MDSM,T, M
^
DSM,T), (8) modified DSM in Huang and Young [7] (M
#
DSM,T), and (9) 
continuous strength method (CSM) described in Saliba and Gardner [9] (MCSM,T). The reduced 
material properties at elevated temperature, which were obtained from the tensile coupon tests 
for section 50×50×1.5 at elevated temperatures [7], were used in the calculation of design 
strengths at elevated temperatures. The design rules in the (1) ASCE [17], (2) AS/NZS [18], 
(3) modified ASCE and AS/NZS in Huang and Young [7], (4) EC3 [19], (5) suggested EC3 by 
Gardner and Theofanous [20], and (6) modified EC3 in Huang and Young [7] use the effective 
width method for the sections when local buckling occurs. Therefore, the calculation procedure 
using these design rules involved an iterative process, as the location of the neutral axis shifts 
with the effective width when the sections subjected to bending. However, such a tedious 
iterative process is not required in the DSM and CSM, as the flexural strength is calculated by 
the full section instead of the effective section.  
 
4.1  Reliability Analysis 
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The reliability of the existing design rules for cold-formed lean duplex stainless steel flexural 
members at elevated temperatures was evaluated using reliability analysis, which is detailed in 
the Commentary of the ASCE Specifications [17]. A target reliability index (0) of 2.5 for 
stainless steel structural members was used as the lower limit. The design rules are considered 
to be reliable if the reliability index is greater than or equal to 2.5. The resistance factors (0) 
of 0.90 for members with stiffened compression flanges subjected to bending is recommended 
by ASCE [17], AS/NZS [18], and AISI Standard [21] for the direct strength method (DSM), 
while the resistance factors of 0.91 are used by the EC3 [19] and modified EC3 by Gardner 
and Theofanous [20] as well as the continuous strength method (CSM) [9]. The load 
combinations of 1.2DL+1.6LL, 1.2DL+1.5LL and 1.35DL+1.5LL were used for design rules 
in ASCE, AS/NZS and EC3 in the reliability analysis, respectively, where DL is the dead load 
and LL is the live load. The load combinations of 1.35DL+1.5LL were used for reliability 
analysis of the modified EC3 by Gardner and Theofanous [20] and continuous strength method 
(CSM) [9], while the load combination of 1.2DL+1.6LL was used for the direct strength 
method (DSM) [21]. The Eq. 6.2-2 in the ASCE Specification [17] was used in calculating the 
reliability index. The statistical parameters Mm = 1.10, Fm = 1.00, VM = 0.10 and VF = 0.05, 
which are the mean values and coefficients of variation for material properties and fabrication 
factors for flexural members in Clause 3.3.1.1 of the commentary of the ASCE Specification 
were adopted. The mean value (Pm) and coefficient of variation (VP) of numerical-to-predicted 
load or moment ratio are shown in Table 3. In calculating the reliability index, Eq. K2.1.1-4 in 
the North American cold-formed steel Specification AISI S100 [21] was used to calculate the 
correction factor, in order to account for the influence of the number of data. For the purpose 
of direct comparison, a constant resistant factor (1) of 0.90 and a load combination of 
1.2DL+1.6LL were used to calculate the reliability index (1) for the design rules; the values 
of the reliability index are also shown in Table 3. 
 
4.2 American Specification and Australian/New Zealand Standard 
 
The design rules for calculating the moment capacity for flexural members in the ASCE [17] 
and AS/NZS [18] are same. Both of the specifications allow for calculations based on the 
initiation of yielding and inelastic reserve capacity. Therefore, both approaches were assessed 
in this study. For the initiation of yielding, the moment capacities (Myielding,T) were calculated 
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by the effective section modulus (Se) multiplied by the yield strength (fy). The reduced material 
properties at elevated temperatures were used in the calculations. The effective width was 
calculated in accordance with Clause 2.2 of ASCE and AS/NZS, where yield strength at the 
extreme fibre of compressive flange and the stress distribution varying linearly in the section 
were assumed. The comparison of the numerical strengths with the design strengths of lean 
duplex stainless steel flexural members at elevated temperatures is shown in Table 3 and Figure 
6. For the approach by initiation of yielding, the design rules were found to be quite 
conservative and scattered in predicting the moment capacities of cold-formed lean duplex 
stainless steel members at elevated temperatures. The mean value of the numerical strengths 
(MFEA,T) to design values (Myielding,T) ratio was 1.51 with a COV of 0.277. The reliability indices 
(0) were 2.80 and 2.65 for ASCE [17] and AS/NZS [18], respectively.  
 
For the approach by inelastic reserve capacity, the moment capacities (Minelastic,T) were 
calculated by the equivalent force multiplying the lever arm within the section, considering 
equilibrium of the stresses in the effective section and assuming an ideally elastic-plastic stress 
distribution in the section. The compression strain factor (Cy) was calculated to determine the 
stress distribution in the section. However, the ASCE (2002) and AS/NZS (2001) did not state 
clearly the calculation of effective widths that involved elastic-plastic stress distribution in the 
section, and the calculation procedures for the effective width used in this study were the same 
as those detailed in Huang and Young [7]. The inelastic reserve capacity approach was less 
conservative than the initiation of yielding for lean duplex stainless steel flexural members at 
elevated temperatures, as shown in Table 3 and Figure 6. The mean value of numerical-to-
design strengths ratio MFEA,T /Minelastic,T was equal to 1.30 with a COV of 0.213. The reliability 
indices (0) were 2.74 and 2.57 for ASCE and AS/NZS, respectively.  
 
The design rules based on the inelastic reserve capacity were modified to provide more accurate 
and reliable predictions for the lean duplex stainless steel flexural members at room 
temperature by Huang and Young [7]. The modification for the design rules consisted of three 
parts, namely for (i) effective width calculation; (ii) upper bound limit of moment capacity; 
and (iii) limitation of web slenderness (dw/t ratio), as detailed in Huang and Young [7]. The 
suitability of modified design rules for lean duplex stainless steel flexural members at elevated 
temperatures was also assessed. The moment capacities (M#inelastic,T) calculated by the modified 
design rule were compared with the numerical moment capacities (MFEA,T) at elevated 
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temperatures, as shown in Table 3 and Figure 6. The modified design rules provided better 
predictions than the existing design rules. The mean value of MFEA,T /M
#
inelastic,T was 1.16 with 
a COV of 0.105. The reliability index (0) was 2.97 for ASCE [17], while that for AS/NZS [18] 
was 2.75, both of which were greater than the target value. 
 
4.3 European Code 
 
The moment capacity (MEC3,T) at elevated temperatures was calculated by European Code Part 
1.4  [20]. The reduced material properties at elevated temperatures were used in the calculation. 
Classification for the sections and calculation of effective widths are required in EC3. The 
comparison of the numerical moment capacity (MFEA,T) with the design values (MEC3,T) at 
elevated temperatures are shown in Table 3 and Figure 7. It is found that the design rules 
provided less conservative and less scattered predictions for the lean duplex stainless steel 
flexural members at elevated temperatures compared with those at room temperature [7]. The 
mean value of Mu /MEC3 at room temperature was equal to 1.25 with the corresponding COV 
of 0.147, as shown in Huang and Young [7]; while the mean value of MFEA,T /MEC3,T at elevated 
temperatures were equal to 1.19 with COV of 0.112. The reliability index (0) for MFEA,T /MEC3,T  
at elevated temperatures was 2.82, which was greater than the target value of 2.5. 
 
The classification limits and the effective width calculation in the European Code [19] for 
stainless steel were assessed by Gardner and Theofanous [20]. A set of classification limits for 
compression elements was proposed, and the effective width equations were modified [20]. It 
was shown by Huang and Young [7] that the suggested method by Gardner and Theofanous 
[20] provides a more accurate and less scattered prediction for lean duplex stainless steel 
flexural members at room temperature. In this study, the suitability of the suggested design rule 
by Gardner and Theofanous [20] for lean duplex stainless steel flexural members at elevated 
temperatures was examined. The design values calculated by the suggested EC3 in Gardner 
and Theofanous [20] at elevated temperatures is represented by MG&T,T. The mean value of 
MFEA,T / MG&T,T equal to 1.14 with a COV of 0.107 as well as the reliability index (0) of 2.7. 
The comparison of the numerical strengths, with the design values, is shown in Table 3 and 
Figure 7. It can be seen that the suggested design rule provided better predictions than the EC3 
[19]. 
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The classification limits and the effective width calculation in the European Code [19] were 
examined further in Huang and Young [7] using a large data pool of 180 lean duplex stainless 
steel flexural strengths at room temperature. Modified design rules by Huang and Young [7] 
were proposed and were shown to provide better predictions for lean duplex stainless steel 
flexural members at room temperature compared with the existing EC3 [19] and the design 
rule proposed by Gardner and Theofanous [20], as shown in Huang and Young [7]. In this 
study, the design rule modified by Huang and Young [7] was assessed for lean duplex stainless 
steel flexural members at elevated temperatures, by comparing the numerical moment strengths 
(MFEA,T) with design values (M
#
EC3,T). The mean value of MFEA,T /M
#
EC3,T was equal to 1.14 with 
the corresponding COV of 0.105 as well as the reliability index (0) of 2.7, as shown in Table 
3 and Figure 7. Therefore, the EC3 modified by Huang and Young [7] provided a slightly better 
prediction for lean duplex stainless steel flexural strength at elevated temperatures compared 
with the design rule suggested by Gardner and Theofanous [20]. 
 
4.4 Direct Strength Method 
 
The direct strength method used in this study was based on Clause 1.2.2.1 of Appendix 1 in the 
North American Specification for the Design of Cold-Formed Steel Structural Members (AISI) 
[21]. Nominal flexural strength is determined by the minimum of the nominal flexural strength 
for lateral-torsional buckling (Mne), local buckling (Mnl) and distortional buckling (Mnd). The 
lateral-torsional buckling and distortional buckling did not occur for SHS and RHS in this study. 
Flexural strength for local buckling (Mnl) is calculated by Eqs F3.2.1-1 and 3.2.1-2 in AISI [21] 
when the inelastic bending reserve is not considered. Alternatively, when the inelastic reserve 
local buckling strength is considered, Eq. F3.2.3-1 in AISI [21] is used for sections with first 
yield in compression. In this study, the nominal flexural strengths, calculated by the AISI [21] 
with and without considering the inelastic bending reserve, were represented by MDSM and 
M^DSM, respectively. The critical elastic local buckling moment (Mcrl) of the cross-section was 
obtained from a rational elastic finite strip buckling analysis [22] with a 5 mm half-wave length 
interval. 
 
The direct strength method (DSM) in AISI [21] was shown to provide conservative predictions 
for lean duplex stainless steel flexural members at room temperature and elevated temperatures, 
as shown in Huang and Young [7] and Table 3. The numerical strengths for lean duplex 
10 
 
stainless steel flexural members were compared with the design values calculated by the DSM 
with and without considering the inelastic bending reserve at elevated temperatures, 
represented by MDSM,T and M
^
DSM,T, respectively. The mean values of numerical-to-design 
strengths for lean duplex stainless steel flexural members at elevated temperatures MFEA,T 
/MDSM,T and MFEA,T /M
^
DSM,T were 1.34 and 1.16 with the corresponding COVs of 0.179 and 
0.107, respectively. The reliability indices (0) of MFEA,T /MDSM,T and MFEA,T /M^DSM, were 3.05 
and 2.95. Both methods were considered to be reliable but conservative. 
 
Modifications to the DSM were proposed for lean duplex stainless steel flexural members in 
Huang and Young [7]. The numerical flexural strengths at elevated temperatures in this study 
were also compared with the flexural strengths predicted by the modified DSM (M#DSM,T), as 
shown in Table 3. It can be seen that the modified DSM provides accurate predictions for the 
lean duplex stainless steel flexural members at elevated temperatures with the mean value of 
MFEA,T /M
#
DSM,T equal to 1.02 with COV of 0.090. The reliability index (0) was 2.51, which 
was greater than the target value of 2.5. The comparison of the numerical strengths, with the 
design values calculated by the existing and modified DSM, is shown in Table 3 and Figure 8. 
 
4.5 Continuous Strength Method 
 
The continuous strength method (CSM) proposed by Saliba and Gardner [9] was assessed for 
flexural members at elevated temperatures. The calculation procedure of CSM was the same 
as those described in Huang and Young [7]. The CSM does not apply to cross-sections where 
the slenderness ( p ) is larger than 0.748, because there is no significant benefit to be derived 
from strain hardening beyond this limit [9]. Therefore, the flexural strengths of 98 specimens 
that meet the requirement of the CSM are compared with the design values (MCSM,T) calculated 
by the continuous strength method, as shown in Table 3. The material properties obtained from 
the tensile coupon tests at elevated temperatures were used in the calculation. The CSM was 
found to provide accurate predictions for the flexural members at elevated temperatures. The 
mean value of MFEA,T/MCSM,T ratio was 1.02 with a COV of 0.081. The reliability index (0) 
was 2.35, which was considered not reliable at its current resistance factor (0) of 0.91 and the 
load combination. However, the reliability index (1) of 2.54 was greater than the target value, 
when the resistance factor (1) was calibrated to 0.90 and also using the load combination of 
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1.2DL+1.6LL as specified in the ASCE Specification, where DL was the dead load and LL 
was the live load.  
 
5. Conclusions 
 
The study reported here investigated the structural performance of lean duplex stainless steel 
flexural members at elevated temperatures. The flexural strengths obtained from the finite 
element analysis were compared with the design strengths calculated by the existing design 
rules. The design rules in ASCE [17] and AS/NZS [18] were found to provide quite 
conservative predictions for the cold-formed lean duplex stainless steel flexural members at 
elevated temperatures. Modifications to the inelastic reserve capacity approach have been 
proposed by Huang and Young [7] for flexural members at room temperature. Huang and 
Young [7] found that the modified design rules provide more accurate and less scattered 
predictions for the moment capacities at elevated temperatures. The EC3 [19] and the EC3 
suggested by Gardner and Theofanous [20] provide less conservative predictions for the 
flexural members at elevated temperatures than the predictions for members at room 
temperature. The modified EC3 provides better predictions for flexural members at room 
temperature compared with those of the existing EC3 and the suggested EC3 by Gardner and 
Theofanous [20], while it provides similar predictions for the flexural members at elevated 
temperatures. The direct strength method in the AISI [21] provides quite conservative 
predictions for flexural members at elevated temperatures. A modified direct strength method 
was proposed by Huang and Young [7] for flexural members at room temperature, and this 
modified direct strength method was also used for flexural members at elevated temperatures. 
They found that the modified direct strength method also provides accurate and reliable 
predictions for flexural members at elevated temperatures. The continuous strength method 
was also shown to provide accurate predictions for flexural members at elevated temperatures, 
but not to be reliable when the existing resistance factor of 0.91 is used. Considering the 
accuracy, reliability and convenience of the various design rules, it is suggested to use the 
modified direct strength method for the design of cold-formed lean duplex stainless steel 
flexural members at elevated temperatures.  
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Notation 
 
The following symbols are used in this paper: 
 
B  overall width of cross-section of specimen 
Cy compression strain factor in American Specification and Australian/New Zealand 
Standard 
c  flat width of specimen;  
D   overall depth of cross-section of specimen 
dw  depth of the compressed portion of the web 
fy yield strength (0.2% proof stress) 
Fm mean value of fabrication factor 
kFEA,T curvature corresponding to the ultimate moment predicted by finite element 
analysis at elevated temperature 
L   length of specimen 
Mcrl  critical elastic local buckling moment 
MCSM,T unfactored design moment capacity predicted by the continuous strength method 
at elevated temperatures 
MDSM,T unfactored design moment capacity predicted by the direct strength method at 
elevated temperatures 
MDSM,T unfactored design moment capacity predicted by the direct strength method 
without considering the inelastic bending reserve at elevated temperatures 
Md   moment capacities predicted by design rules 
MEC3  unfactored design second-order elastic moment of beam-column for European 
Code at room temperature 
MEC3,T  unfactored design second-order elastic moment of beam-column for European 
Code at elevated temperatures 
MFEA,T  ultimate moment predicted by finite element analysis at elevated temperatures 
MG&T,T unfactored design moment capacity predicted by the modified European Code by 
Gardner and Theofanous at elevated temperatures 
Minelastic,T unfactored design moment capacity predicted by the approach by inelastic reserve 
capacity in American Specification and Australian/New Zealand Standard at 
elevated temperatures 
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Mm   mean value of material factor 
Mnd nominal flexural strength for distortional buckling in direct strength method 
Mne nominal flexural strength for lateral-torsional buckling in direct strength method 
Mnl nominal flexural strength for local buckling in direct strength method 
Mu   experimental and numerical ultimate moments 
My   yield moment 
Myielding,T unfactored design moment capacity predicted by the approach by initiation of 
yielding in American Specification and Australian/New Zealand Standard at 
elevated temperatures 
M#DSM,T unfactored design moment capacity predicted by the modified direct strength 
method at elevated temperatures 
M#EC3,T   unfactored design moment capacity predicted by the modified European Code at 
elevated temperatures 
M#inelastic,T unfactored design moment capacity predicted by the modified approach by 
inelastic reserve capacity at elevated temperatures 
M^DSM,T unfactored design moment capacity predicted by the direct strength method with 
considering the inelastic bending reserve at elevated temperatures 
Pm       mean value of tested-to-predicted load ratio 
Se   effective section modulus 
t   thickness of specimen 
T temperature in ºC; 
VF coefficient of variation of fabrication factor 
Vm   coefficient of variation of material factor 
Vp   coefficient of variation of test and finite element to design predictions 
0   reliability index 
1   reliability index 
  material factor 
o  resistance factor 
1   resistance factor 
l   non-dimensional slenderness to determine Pnl 
p    element slenderness 
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Figure 1: Finite element model of specimen 50×100×2L900T700 in parametric study 
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Figure 2: Moment-curvature curves obtained from FEA for specimen 300×100×10L2100 at 
elevated temperatures 
 
Figure 3: Moment-curvature curves obtained from FEA for specimen 300×100×7L2100 at 
elevated temperatures 
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Figure 4: Moment-curvature curves obtained from FEA for specimen 100×300×15L1500 at 
elevated temperatures 
 
 
Figure 5: Moment-curvature curves obtained from FEA for specimen 100×300×4L1500 at 
elevated temperatures 
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Figure 6: Comparison of numerical results with design strengths by ASCE and AS/NZS at 
elevated temperatures 
 
Figure 7: Comparison of numerical results with design strengths by EC3 at elevated 
temperatures 
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Figure 8: Comparison of numerical results with design strengths by DSM at elevated 
temperatures 
T (ºC) 
Eo 
(GPa) 
fy 
(MPa) 
fu 
(MPa) 
u 
(%) 
24 199.0 682.4 828.1 
100 195.0 641.5 803.3 19.4 
200 175.1 566.4 728.7 18.7 
300 187.1 511.8 695.6 16.6 
400 159.2 443.6 687.3 18.9 
500 139.3 375.3 596.2 17.4 
600 125.4 266.1 347.8 10.8 
700 121.4 211.5 248.4 10.3 
800 65.7 95.5 115.9 3.2 
900 55.7 27.3 33.1 2.6 
Table 1: Material properties of the specimens at high temperatures [12] 
 
0.0
0.5
1.0
1.5
2.0
2.5
0 0.5 1 1.5 2
M
u
 / 
M
y
l
FEA
Proposed DSM
DSM
Specimen 
(D×B×t) 
MFEA,T 
(kNm) 
kFEA,T×10
-4 
(mm-1) 
300×300×25L3000T24 2138.0 3.91 
300×300×25L3000T300 1729.5 4.34 
300×300×25L3000T500 1448.7 4.89 
300×300×25L3000T700 682.9 3.46 
300×300×25L3000T900 99.6 2.35 
300×300×15L3000T24 1319.1 0.89 
22 
 
300×300×15L3000T300 1027.1 1.39 
300×300×15L3000T500 825.6 1.37 
300×300×15L3000T700 428.7 1.19 
300×300×15L3000T900 63.2 1.51 
300×300×10L3000T24 821.4 0.44 
300×300×10L3000T300 621.8 0.41 
300×300×10L3000T500 496.9 0.49 
300×300×10L3000T700 276.4 0.43 
300×300×10L3000T900 41.3 0.35 
300×300×7L3000T24 519.9 0.57 
300×300×7L3000T300 368.1 0.45 
300×300×7L3000T500 289.2 0.46 
300×300×7L3000T700 175.7 0.27 
300×300×7L3000T900 28.5 0.27 
300×300×5L3000T24 289.4 0.27 
300×300×5L3000T300 211.1 0.34 
300×300×5L3000T500 167.0 0.32 
300×300×5L3000T700 103.8 0.22 
300×300×5L3000T900 18.8 0.14 
100×50×8L900T24 53.0 29.06 
100×50×8L900T300 43.6 27.47 
100×50×8L900T500 37.2 28.79 
100×50×8L900T700 16.3 23.44 
100×50×8L900T900 2.3 8.30 
100×50×5L900T24 34.7 17.06 
100×50×5L900T300 28.7 18.24 
100×50×5L900T500 24.3 18.53 
100×50×5L900T700 10.9 15.64 
100×50×5L900T900 1.6 6.42 
100×50×3L900T24 20.6 3.71 
100×50×3L900T300 16.0 4.24 
100×50×3L900T500 13.0 4.24 
100×50×3L900T700 6.7 4.99 
100×50×3L900T900 1.0 6.02 
100×50×2L900T24 12.4 1.28 
100×50×2L900T300 9.5 1.75 
100×50×2L900T500 7.6 1.70 
100×50×2L900T700 4.3 1.59 
100×50×2L900T900 0.7 2.79 
100×50×1L900T24 3.8 0.66 
100×50×1L900T300 3.0 0.72 
100×50×1L900T500 2.3 0.86 
100×50×1L900T700 1.5 0.39 
100×50×1L900T900 0.3 0.47 
50×100×5L900T24 18.8 5.34 
50×100×5L900T300 14.4 6.74 
50×100×5L900T500 11.7 7.26 
50×100×5L900T700 6.0 5.79 
50×100×5L900T900 0.9 5.39 
23 
 
50×100×3L900T24 10.6 2.02 
50×100×3L900T300 8.1 2.83 
50×100×3L900T500 6.4 2.74 
50×100×3L900T700 3.7 2.29 
50×100×3L900T900 0.6 2.98 
50×100×2.5L900T24 8.2 1.97 
50×100×2.5L900T300 6.3 1.91 
50×100×2.5L900T500 4.9 2.68 
50×100×2.5L900T700 3.0 1.58 
50×100×2.5L900T900 0.5 2.03 
50×100×2L900T24 6.0 1.93 
50×100×2L900T300 4.6 2.65 
50×100×2L900T500 3.6 2.84 
50×100×2L900T700 2.1 1.55 
50×100×2L900T900 0.4 1.32 
50×100×1.5L900T24 4.0 0.99 
50×100×1.5L900T300 2.8 0.42 
50×100×1.5L900T500 2.4 1.11 
50×100×1.5L900T700 1.4 0.89 
50×100×1.5L900T900 0.3 1.78 
300×100×10L2100T24 508.9 1.54 
300×100×10L2100T300 400.9 2.02 
300×100×10L2100T500 331.5 2.05 
300×100×10L2100T700 164.3 1.86 
300×100×10L2100T900 23.7 1.28 
300×100×8L2100T24 396.0 0.72 
300×100×8L2100T300 310.4 1.01 
300×100×8L2100T500 252.9 1.05 
300×100×8L2100T700 130.9 1.10 
300×100×8L2100T900 19.4 1.59 
300×100×7.5L2100T24 356.2 0.61 
300×100×7.5L2100T300 289.2 1.14 
300×100×7.5L2100T500 229.6 0.99 
300×100×7.5L2100T700 122.4 1.19 
300×100×7.5L2100T900 18.3 2.05 
300×100×7L2100T24 333.9 0.62 
300×100×7L2100T300 255.8 0.98 
300×100×7L2100T500 213.3 0.98 
300×100×7L2100T700 112.9 0.84 
300×100×7L2100T900 17.1 1.52 
300×100×6.5L2100T24 318.3 0.77 
300×100×6.5L2100T300 235.5 0.86 
300×100×6.5L2100T500 184.6 0.61 
300×100×6.5L2100T700 103.9 0.69 
300×100×6.5L2100T900 15.8 1.16 
100×300×15L1500T24 291.4 2.37 
100×300×15L1500T300 221.2 3.00 
100×300×15L1500T500 178.3 2.83 
100×300×15L1500T700 94.1 2.44 
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Table 2:  Parametric study results at elevated temperatures 
100×300×15L1500T900 14.0 2.24 
100×300×8L1500T24 142.7 0.86 
100×300×8L1500T300 108.7 1.17 
100×300×8L1500T500 84.0 0.93 
100×300×8L1500T700 51.2 0.74 
100×300×8L1500T900 8.1 1.38 
100×300×5.5L1500T24 84.3 1.05 
100×300×5.5L1500T300 64.0 0.74 
100×300×5.5L1500T500 50.7 0.72 
100×300×5.5L1500T700 30.1 0.40 
100×300×5.5L1500T900 5.4 0.33 
100×300×5L1500T24 74.3 1.08 
100×300×5L1500T300 56.5 0.93 
100×300×5L1500T500 44.8 1.08 
100×300×5L1500T700 26.1 0.60 
100×300×5L1500T900 4.8 0.39 
100×300×4L1500T24 54.5 0.77 
100×300×4L1500T300 41.9 0.96 
100×300×4L1500T500 32.9 1.11 
100×300×4L1500T700 19.4 0.60 
100×300×4L1500T900 3.6 0.19 
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 ASCE AS/NZS EC3 DSM CSM 
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#
,
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Tinelastic
TFEA
M
M
 
TEC
TFEA
M
M
,3
,  
TTG
TFEA
M
M
,&
,  
#
,3
,
TEC
TFEA
M
M
 TDSM
TFEA
M
M
,
,  
^
,TDSM
u
M
M
 
#
,
,
TDSM
TFEA
M
M
 
TCSM
TFEA
M
M
,
,  
# of data 125 111 125 125 111 125 125 125 125 125 125 125 98 
Mean (Pm) 1.51 1.30 1.16 1.51 1.30 1.16 1.19 1.14 1.14 1.34 1.16 1.02 1.02 
COV (Vp) 0.277 0.213 0.105 0.277 0.213 0.105 0.112 0.107 0.105 0.179 0.107 0.090 0.081 
Resistance 
factor (0) 
0.90 0.90 0.90 0.90 0.90 0.90 0.91 0.91 0.91 0.90 0.90 0.90 0.91 
Reliability 
index (0) 
2.80 2.74 2.97 2.65 2.57 2.75 2.82 2.70 2.70 3.05 2.95 2.51 2.35 
Resistance 
factor (1) 
0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 
Reliability 
index (1) 
2.80 2.74 2.97 2.80 2.74 2.97 3.01 2.89 2.89 3.05 2.95 2.51 2.54 
# Modified design rules 
Table 3:  Comparison of numerical results with design moment capacities at elevated temperatures 
 
 
 
 
 
